Abstract A numerical model for the hydromechanical analysis of masonry dams based on the discrete element method is presented. The dam and the rock foundation are represented as block assemblies, and a coupled flow-stress analysis is performed in an integrated manner for the entire system. Complex block shapes may be obtained by assembling elementary blocks into macroblocks, allowing the application of the model to situations ranging from equivalent continuum to fully discontinuum analysis. A contact formulation was developed based on an accurate edge-edge approach, incorporating mechanical and hydraulic behavior. The main numerical aspects are described, with an emphasis in the flow analysis explicit algorithm. An application to an existing masonry dam is presented, analyzing its present condition, with excessive seepage, and the proposed rehabilitation intervention. An evaluation of sliding failure mechanisms was also performed, showing the expected improvement in the safety of the structure.
Introduction
Seepage, which takes place through the whole dam-foundation system, is a much relevant phenomenon when assessing the structural safety of dams, particularly in the case of gravity dams. The flow is established primarily in the discontinuities, being almost negligible through the concrete or rock, due to the low permeability of these materials. In the particular case of masonry gravity dams, water flow may occur in the dam body (in cracks or other discontinuities), in the dam-rock interface and through the foundation itself. There were several accidents directly related to this phenomenon, such as the historical accident of Bouzey dam, in 1895, which brought attention to the role of water pressure in dam safety .
Seepage is a consequence of the hydraulic gradient imposed by the dam and for this reason cannot be avoided. It is therefore necessary to adopt control measures, such as the grout curtains and the drainage systems. The intensity of the seepage and its effect on the safety of the structure depend fundamentally on the characteristics of the water reservoir, the flow velocity and the stress field established due to the presence of water (ICOLD 1983) .
The reservoir water may be too aggressive for mortar and concrete and may thus lead to a progressive degradation of the material by leaching the calcium (Eglinton 1987) . This phenomenon is even more evident in masonry dams. It causes a loss of cohesion of the mortar that ensures the continuity of the material, leading to disintegration of masonry (Chatterjee et al. 1991) . The chemical action also has a side effect associated with the loss of effectiveness of the drainage system by clogging associated with deposition of calcium carbonate.
The flow rate should not be excessive, since this causes washing of fine particles and an increase in the permeability, with negative long-term consequences. The mechanical effect of water in the dam body, in the dam-foundation interface or in the rock mass creates an uplift effect, equivalent to the reduction of the self-weight of the structure (Serafim 1968) . Uplift and permeability are correlated because the permeability depends on the stress state in the media. Therefore, changes in the stress state produce changes in the opening of the discontinuities. Moreover, the actual stress condition results from the balance between the various loads involved, including uplift. Therefore, hydromechanical analyzes should allow for the coupling between permeability and stress.
The control of flow and its consequences is done primarily through the grout and the drainage curtains. The uplift reduction depends on the increase of relative permeability, while the flow velocity is a function of absolute permeability. The grout curtain changes the relative permeability, reducing the permeability locally, while the drainage system changes the relative permeability of the media, by increasing permeability locally. Thus, in theory, a grout curtain reduces the uplift and the flow rate, while the drainage reduces the uplift and increases the flow rate (Casagrande 1961) . In practice, however, the most significant effect of grouting is to reduce the flow velocity, and drains are intended to reduce uplift (Ruggeri 2004) . Often, the uplift at the base of the dam is the scenario that raises major concerns, since it influences the overall stability of the structure.
It is important to note that raising the level of the reservoir does not imply a proportional increase in the uplift pressure or amount of drained water, as often this relationship is nonlinear. The increase in the level of the reservoir causes a change of the stress state in the damfoundation system, particularly at the dam-foundation interface and in the rock mass, and causes the opening or closing of discontinuities, thereby modifying the hydraulic conditions. It remains to note that these changes take place for a period of time which can be long, even if the change in the reservoir level is relatively fast.
The problem of hydromechanical coupling has been extensively studied. Rutqvist and Stephansson (2003) address the importance of hydromechanical behavior especially in the case of civil engineering works involving shallow zones of rock mass or with low in situ permeability, both sensitive to stress changes. In the case of hydraulic structures, particularly dams, the coupling issue is even more relevant because it may influence the failure mechanisms. Numerical models are very useful for hydromechanical coupling analysis, since the models can be calibrated according to the monitoring data collected. Depending on the discontinuity pattern, homogeneous models, by means of equivalent continuum techniques, may be appropriate. For example, the finite element model proposed by Erban and Gell (1988) uses a hydraulic model, in parallel to the mechanical model, whose permeability matrix is changed throughout the analysis depending on the stress state of the structure. Continuous models are often insufficient to carry out nonlinear studies in which there is a change in the model geometry and permeability properties, as identified by Lombardi (1992) . This includes, for example, sliding along discontinuities in which the dilatancy effect can be important. For this reason, hybrid discrete-continuum models have been used as a valid alternative (e.g. Stematiu 1990; Wei and Hudson 1988) . In this approach, the equivalent continuum model is globally employed and the main discontinuities are modeled with the discrete element model.
For highly discontinuous media or media subject to an important hydraulic gradient, discontinuous or discrete models should be used (Soyeaux 1990 ). Cammarata et al. (2007) proposed a 2D BEM-FEM formulation to model the flow in a fracture network, which was applied to the transient analysis of fluid injection in a single fracture. Gimenes and Fernández (2006) describe a calibration methodology for a concrete gravity dam model, analyzed with UDEC (Itasca 2011) . Another example of the use of UDEC for the hydromechanical analysis of gravity dam foundations was presented by Barla et al. (2004) , comparing the influence of deterministic or random joint patterns. These authors show the benefits of using numerical models to compute the uplift pressure distribution along the dam base, with or without grout curtain and drainage, based upon the data available for the rock joints and discontinuities.
The free-surface conditions may be important in the seepage analysis of the dam body itself, especially in the case of masonry dams (Char et al. 1991) . The gradual deterioration of masonry and the reduction of the initial mechanical properties are the most common effects. These deterioration problems have been identified for long (e.g. Paolina et al. 1991) . Rehabilitation works are usually carried out to (1) decrease the permeability of the dam, through a grouting program; (2) to enhance the drainage system, which may include the opening of new drainage galleries (e.g. Bettzieche et al. 2004) ; and also (3) to restore imperviousness of the upstream face through the installation of a concrete curtain (e.g. Silveira and Ramos 1994) or, more recently, through the addition of a geomembrane system (e.g. Scuero et al. 2007 ). In some cases, the compliance with current stability standards requires also structural reinforcement. One worthy example of this is the solution with vertical prestressed anchors designed for the Eder dam, in Germany (Wittke et al. 2012 ).
The present paper proposes a unified treatment of the hydromechanical behavior of masonry dams and their rock mass foundations, by means of a newly developed 2D code based on the discrete element method (DEM) (Bretas 2012 ). An edge-to-edge contact formulation is employed, in contrast with the typical point contact approach used in DEM implementations, which allows a more accurate representation of the stress distribution along joints. The flow analysis is formulated consistently with the mechanical assumptions, as described next. Grout and drainage systems can also be easily included in the model. The case study presented consists of an old masonry dam and includes the analysis of the planned rehabilitation works and their effects on the safety of the structure.
Formulation of the Discrete Element Model

Mechanical Model
A block with three or four edges is the fundamental discretization element used in this implementation of DEM (Bretas 2012) . The blocks may be rigid or deformable, but only the latter case will be described for the sake of completeness. Each deformable block corresponds to a finite element, here assumed as a four node element with Gauss numerical integration. Blocks can be associated forming macroblocks, by slaving together coincident nodes, thus allowing any complex geometry and discretization. The blocks may also constitute a discontinuous media (Fig. 1a) , in which case the interaction is made through contacts. Figure 1b shows the contact between the blocks 1-2, 1-3, 1-4, 2-3 and 2-4, designated, respectively, by CT 1.2 , CT 1.3 , CT 1.4 , CT 2.3 and CT 2.4 . The contacts are of type edge-edge, with numerical implementation done through two sub-contacts (Fig. 1b) . The contact CT 1.2 is established numerically by two subcontacts, called SCT 1.2.1 and SCT 1.2.2 . Throughout the calculation, the contacts may be updated or deleted, and also new contacts can be created. The contact forces come from the relative movement of the blocks, which is checked at sub-contact level, in the normal and tangential directions. The contact forces are determined from a trapezoidal diagram of stress, after verification of the constitutive model. At each step, stresses in each sub-contact are updated, first by calculating predictive elastic stresses,
where r and s are the new normal and shear stresses; r 0 and s 0 the normal and shear stresses in the previous step; Du n and Du s are the incremental normal and shear displacements; k n and k s are the normal and shear stiffness. r and s are then corrected by application of the constitutive model, such as the Mohr-Coulomb model.
The equations of motion for each degree of freedom are explicitly integrated through the central difference algorithm. Deformable blocks have two degrees of freedom per node, corresponding to the translations in the horizontal and vertical directions. For the translation case, each equation of motion has the form,
where _ u is the velocity; € u is the acceleration; c is the viscous damping coefficient; m is the mass; f TOT is the total force; f EXT is the external force; f INT is the internal force; f CT is the contact force; f M is the mass force; and f HYD is the hydraulic force.
The internal forces, f INT , are a function of the element stress state, and are obtained by Gauss integration,
where B T is the strain-displacement transposed matrix; and r is the stress matrix.
The time step in the central difference algorithm is limited by reasons of numerical stability. To ensure a reasonable computational performance, blocks too small or materials too rigid should be avoided. The static solution is obtained by a process of dynamic relaxation (Sauvé and Metzger 1995) where, in each calculation cycle, the critical damping is applied. The critical damping is updated in each calculation cycle in accordance with the dominant dynamic behavior of the structure, estimated from the tangent stiffness and the Rayleigh quotient. For static solutions, it is not relevant to analyze the intermediate states of the calculation, but only the final steady state. In this case, it is possible to scale the mass of the degrees of freedom, to obtain a faster convergence.
Hydromechanical Model
The development of the hydromechanical model is based on the assembly of a flow mesh, composed of flow channels and hydraulic nodes (Bretas 2012 ). The hydraulic model is superimposed on the mechanical model. The flow channel corresponds to the edge-edge contact, while the hydraulic node, associated with one or more element nodes, corresponds to a sub-contact or a set of sub-contacts around the node. The flow rates are calculated at the flow channels and the pressures are calculated at the hydraulic nodes (Fig. 1c) .
To determine the flow mesh, the active contacts should be first selected. After all contacts are added, hydraulic nodes are created. In terms of the flow mesh, in relation to the contact CT 1.2 (Fig. 1b) , the flow channel overlaps the mechanical model and is designated as FC 1 (Fig. 1c) , to determine the flow rate q 1 . At the ends of the flow channel FC 1 , pressures are installed in the hydraulic nodes HN 1 and HN 2 , respectively, P 1 and P 2 . The hydraulic node HN 1 is composed by the sub-contacts SCT 1.3.1 , SCT 2.3.2 and SCT 1.2.3 where the flow rates q 1 , q 2 and q 3 converge, which will be added to determine the pressure P 1 . The pressures P 1 and P 2 , will act on the faces of the channel, causing a change in the hydraulic opening and hence in the permeability, which is coupled phenomenon.
Hydromechanical Calculation Cycle
The term hydromechanical suggests some degree of coupling between the mechanical interaction of the blocks, which occurs at the discontinuities, and the flow through these same discontinuities. The stress generated by the flow acting on the walls of the joints, after the balance of all acting forces, will lead to a new opening changing the conditions of permeability. Four different levels of coupling can be assumed (Fig. 2) , (1) level 0, corresponds to uncoupling, in which the hydraulic opening is constant and the fluid does not act mechanically on the discontinuities; (2) level 1-hydraulic opening varies according to the mechanical opening and the fluid pressure does not act on the discontinuities; (3) level 2-hydraulic opening is constant and fluid acts mechanically on the discontinuities; and (4) level 3-hydraulic opening varies according to the mechanical opening and the fluid acts on the discontinuities. Figure 3 shows briefly the hydromechanical calculation cycle, for steady-state analysis. In the general case, the hydraulic calculation is carried out simultaneously with the mechanical calculation, but it may be separated. Here, the labels 1m and 2m represent the mechanical cycle, while the labels 1h, 2h and 3h correspond to the hydraulic cycle. Label 1h refers to the flow rate calculation in the various flow channels. For each flow channel, this process begins with the determination of the hydraulic opening. This parameter defines the permeability of the channel and plays an important role in the determination of the total flow rate.
The material to model may be relatively homogeneous, or the jointing may be random, meaning that an equivalent continuum assumption is acceptable and the hydraulic opening is chosen to represent the average permeability. The definition of the numerical hydraulic opening (a h ) (a) (b) (c) requires three reference values: a lower limit, referred as residual opening (a res ), which is the minimum permeability that exists even when the joints are highly compressed; an upper limit, designated as maximum opening (a max ), a value that cannot be exceeded for numerical stability reasons, and finally, the nominal hydraulic opening (a 0 ), which reflects the flow in an initial normal stress state. To implement the hydromechanical coupling, these three parameters are related with the mechanical opening, u n by the following equation,
Figure 4 shows a graphical representation of Eq. (6). As mentioned, the hydraulic opening has a lower and an upper limit. Between these two limits, the hydraulic opening varies according to the mechanical opening. If the initial stress is null, the hydraulic opening will be smaller than the characteristic opening when the discontinuity is in compression and the mechanical opening is negative. Similarly, the hydraulic opening will be larger than the characteristic opening when the discontinuity is in tension and the mechanical opening is positive. From Fig. 4 it may be also concluded that the mechanical opening varies linearly with the normal stiffness (k n ) of the joint when it is in compression, which makes this an important parameter to the hydromechanical coupling. In an uncoupled calculation, the hydraulic opening does not change and may be equal to the nominal hydraulic opening or to an earlier stage value. The determination of the hydraulic opening is made at the sub-contact level. Since the flow is determined at the channel, it is still necessary to define a channel hydraulic opening from the openings at the two sub-contacts located at the ends,
where a h,i is the hydraulic opening of the sub-contact i. The flow rate is calculated at the channel hydraulic opening. Considering a laminar flow model between two plates (Bear 1988) , the flow rate is given by the ''cubic flow law'', as
where l is the dynamic viscosity of the fluid; Dh is the head difference; L is the length of the discontinuity; h i is the head of the hydraulic node i; P i is the pressure of the node i; y i is the y coordinate of the node i; q w is the fluid density; and g is the acceleration of gravity. The determination of the flow rate depends on the available energy established by the hydraulic gradient, in accordance with the permeability of the media. The first influence factor is associated with the fluid properties, determined from the dynamic viscosity. The second influence factor refers to the permeability associated with the physical features of the discontinuity, defined by the hydraulic opening. Louis (1969) , by means of laboratory tests, measured the energy loss along the flow in discontinuities, for different flow rates and materials with different roughness. Based on these data, the validation of the ''cubic law of flow'' for laminar flow in discontinuities, formed by parallel planes with low roughness, was established. Witherspoon et al. (1980) , by testing samples of granite, basalt and marble, confirmed the validation of the ''cubic law of flow'' for cracks in compression. In these cases, the occurrence of physical contact between the edges of the discontinuity did not prevent the existence of residual hydraulic opening.
According to Fig. 3 , in the next step, labeled 2h, new pressures at the hydraulic nodes are determined. For each hydraulic node, a balance of the positive and negative flow rates is computed from the sub-contacts, as,
where Q HN is the sum of the input and output of flow in the hydraulic node; and q sct is the flow contribution from a convergent flow channel. The pressure variation in the current calculation cycle depends on the net flow and, for compressible fluids, is given by,
where K w is the bulk modulus of the fluid; DP is the differential pressure; DV is the volume variation between two consecutive cycles; V is the volume of the flow channel; and Dt is the time step.
For the steady flow analysis, the volume change between two consecutive cycles does not need to be considered. Only the final pressure after the convergence of the model to an equilibrium state is relevant and this equation takes the form,
where P is the pressure in the current time step; and P 0 is the pressure in the preceding time step. Finally, all hydraulic sub-contacts associated with the node under consideration are given the same pressure, which is used to define the hydraulic forces, label 3h (Fig. 3) . Based on a contact edge-edge, with two subcontacts SCT 1 and SCT 2 in which are installed the pressures P 1 and P 2 , respectively, the pressures form a trapezoidal diagram acting on the face of the blocks, in the normal direction, in conjunction with existing contact forces (Fig. 5) . The hydraulic forces are determined by integrating the pressure diagram, according to,
where f HYD,1 is the hydraulic force to node 1; and f HYD,2 is the hydraulic force to node 2. In addition to the confined flow case, this formulation allows the flow analysis of the free-surface condition. It is necessary to take additional precautions to avoid negative numerical pressures that may arise. Any negative pressure, obtained from Eq. (13), should be zeroed. It is also necessary to progressively reduce the rate of flow toward a zero pressure node in order to obtain convergence to a balanced equilibrium solution. In general, if h 1 [ h 2 and y 1 [ y 2 , but P 1 \ (y 1 -y 2 )q w g, then the flow rate should be reduced by a factor to provide a numerically smooth representation of the free-surface condition, by simulating a gradual evolution to an unsaturated condition,
Numerical Stability
Similarly to what occurs in the mechanical calculation, the hydraulic time step needs to be limited to achieve numerical stability of the explicit algorithm. The hydraulic time step for a given hydraulic node is directly proportional to its volume and inversely proportional to the conductivity of the flow channels connected to it, and is given by,
where Dt h is the hydraulic time step; V i is the volume of the flow channel i; k i is the conductivity of the flow channel i; and L i is the length of the flow channel i. Equation (17) refers to a given hydraulic node and the summation on the index i extends to all the contacts (hydraulic channels) that converge toward this node. For steady-state flow analyses, volumes can be scaled to obtain a given time step,
where V s is the scaled volume of the flow channel; and Dt min is the minimum time step of all hydraulic nodes in the system. It is possible to scale the volume with the bulk modulus of the fluid, thus eliminating the definition of this parameter. However, it is more intuitive to maintain the initial formulation, since the bulk modulus is physically meaningful. In steady-state hydromechanical analysis, hydraulic calculations are carried out simultaneously with the mechanical calculation. In this case, it is convenient to adopt a common time step, so that the volumes should be scaled with relation to the minimum time step, either the mechanical or the hydraulic time step. For true transient analysis, different time scales must be used. 
Analysis of Flow with Bingham Fluid
The grout used for the treatment and consolidation of dams and foundations has a rheological behavior of a Bingham fluid, while the water is a Newtonian fluid. Bingham fluids present a viscous-plastic behavior, characterized by cohesion and viscosity, with flow only taking place if the hydraulic gradient exceeds a threshold value which is a function of the cohesion and the joint opening, Lombardi (1985) . This formulation is implemented in the present numerical model to simulate grout injection processes (Bretas 2012 ).
Boundary Conditions and Other Restraints
Hydraulic boundary conditions and other restraints must be adequately modeled. The lateral and the base boundaries of the foundation are generally considered impermeable. On the foundation surface upstream of the dam, a fixed pressure is applied, equivalent to the level of the reservoir. Similarly for the foundation surface downstream the dam the tailwater level is considered. On the upstream and downstream faces of the dam, triangular or trapezoidal pressure diagrams are applied. Free surface flow takes place inside the masonry dam, which usually features high permeability. Therefore, the top face of the crest and the downstream face of the dam are assigned a permeable boundary condition.
Another important aspect is the ability to model drainage systems and grout curtains. A drainage system is represented by fixing the hydraulic pressure in the nodes located in the alignment of the drains, varying in depth according to the hydrostatic gradient. The pressure at the top of the drains may be set to zero, or to the typical values prescribed in the design codes. It is also possible to impose the discharge flowing out of the drains. In this case, the pressures will be obtained from the flow analysis. To model the grout curtain, the conductivity of the hydraulic channels within the grouted region is reduced. The grout curtain is a particular case of local permeability change, but may be applied to wider areas. For example, the rock mass usually does not have a uniform permeability, being higher closer to the surface.
The final aspect to mention regarding the hydromechanical modeling of masonry gravity dams arises in earthquake analysis. During an earthquake, for existing cracks filled with water, the water pressure may be assumed to remain constant. In practice, the flow calculation is interrupted and the hydraulic pressures already installed remain unchanged. Alternatively, transient water pressures may be considered, even if the flow is turned off. However, the dynamic effects of water inside the body of the dam may be modeled by means of additional masses applied to the degrees of freedom that are saturated. The determination of these additional masses depends on the porosity and on the mass assigned to the degree of freedom, as,
where m ad,i is the additional mass distributed to node i; m i is the mass of node i; g is the porosity; and q b is the density of the dam material. The criterion to define the region of the dam which is saturated should be based on the value of the hydraulic pressure that exceeds a specified value, e.g. 5 % of the maximum pressure. The required properties of the fluid are the bulk modulus, the density and the kinematic or dynamic viscosity. It should be noted that the density and viscosity vary with temperature, with lower values as the temperature increases. In the reservoir, the temperature decreases in depth until becoming constant, both in summer and winter, standing at about 4°C. For high dams, the properties may be calculated for 4°C. For low dams, a 20°C reference temperature may be used. This criterion is adopted in the application case presented herein. Thus, the bulk modulus of water is equal to 2.0 GPa, density is equal to 1,000.0 kg/m 3 and kinematic viscosity is equal to 10 -6 m 2 /s. For higher reservoir levels, the infiltrated water increases substantially, reaching about 1,400 l/min (reservoir level of 27 2 m). There is also a high groundwater level within the dam, reaching above 40 % of the upstream water level. The chemical analyses of drained water show low dissolution of calcium carbonate, which indicates that most of the calcium constituents were already leached (LNEC 2011). The rehabilitation project includes the execution of a grouting curtain, from the dam crest, to decrease the permeability and improve the consolidation of the dam, which extends through the foundation. Other interventions are planned for the hydraulic systems, such as the redesign of the flood spillway, of the bottom outlet and of the water intake as well as of the drainage system.
A series of analyses to assess the current structural safety conditions of Póvoa Dam and evaluate the expected behavior after the rehabilitation works were carried out. The material properties for the dam are described in Table 1 , for both conditions, before and after the rehabilitation. For the foundation material, rehabilitation is not expected to alter the properties of the material, except locally, as discussed next. The stiffness of the dam-foundation interface was assumed equivalent to 1 m of dam material. Therefore, the normal stiffness is 5 GPa/m, while the tangential stiffness is 1.5 GPa/m. The dam was built on a competent granite foundation, presenting a porphyroid texture with gross to very gross grains, and two micas (biotite and muscovite). The rock mass is slightly weathered and fractured except below the secondary dam, as described above, where weathering is much more evident.
After the rehabilitation, an increase of the dam material density is expected because the grout to be injected will partially fill the voids existing in the masonry. As a result of this consolidation, doubling of the elasticity modulus is estimated. The permeability values, measured as current condition before rehabilitation, are given in Fig. 7a . The permeability of the foundation does not change with the rehabilitation, except locally, as the grouting curtain will be extended by the foundation to a depth of 10 m (Fig. 7b) . All materials properties are based on the rehabilitation design (EDP 1994 ). An extensive set of field and laboratory tests was carried out. A total of 227 m of boring was drilled, distributed by 12 holes, from the crest of the dam through the foundation. Laboratory tests were undertaken to characterize the physical and mechanical properties of the material. Field tests took place to assess the permeability and injectability of the media.
The grouting curtain, within the dam, will be composed of a main zone with a very low permeability, estimated to be near to 10 -7 m/s, and a secondary zone, characterized by transition band, where a permeability of about 10 -6 m/s is expected (Fig. 7b) . For the drainage system, for each 4.5 m of linear development of the dam, five drains will be installed ( Fig. 7b) : two drains inside the dam body, upper dam drain (UDD) and lower dam drain (LDD), with the uppermost end, in both cases, located on the downstream face; and three drains in the foundation, two of them with (a) (b) Fig. 6 View (a) and section (b) of the main structure of Póvoa Dam , 10 -6 and 10 -7
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the upper end located in the drainage gallery, designated as shallow foundation drain (SFD) and deep foundation drain (DFD), and finally the downstream drain (DD) with the upper end on the downstream face, near the downstream toe. To model the drains, pressures were determined based on the elevation of the upper end of each drain, where zero pressure is prescribed, with a hydrostatic distribution along the drain, defined at the points that coincide with the hydraulic nodes, according to the mesh discretization (Fig. 8) . This assumption assumes the effectiveness of the drainage system, which should be observed during the full lifecycle of the dam. In this example, as the only permeability data refers to average values for each zone, a simplified block pattern was adopted, with the joint openings calibrated to provide the required permeability. This model allows the representation of the main failure mechanism to be assessed, which involves sliding of the dam-rock interface. The results indicate that is important to adopt hydromechanical coupled models and, in the cases where the dam is highly permeable, the flow should be evaluated through its body together with the foundation. After the rehabilitation Fig. 9b , taking account the effect of the grout curtain, the uplift represents about 40 % of the dam's self-weight. In this example, the reduction provided by the grouting curtain is not significant because the curtain is relatively short and the gradient imposed is small, being its main role to reduce the flow rate. The solution with the drainage system reduces the value of the uplift to about 24 % of the dam's self-weight. The action of the grout curtain in conjunction with the drainage system reduces the uplift to this last value. In both cases, the action of the drainage system is preponderant.
(a) (b) Fig. 7 Permeability properties of the model before rehabilitation (a) and after rehabilitation with the new drainage system (b) Figure 10 provides, respectively, the variation of the hydraulic head in the hydromechanical coupled flow analysis, before and after rehabilitation works, with grout curtain and drainage. In the first case, Fig. 10a , the coupling effect is relatively small in the foundation and the equipotential contours are distributed uniformly in this zone. There is also flow through the dam body, from the upstream toward the downstream face, which develops perpendicularly to the equipotential lines. In Fig. 10b the influence of the grouting curtain and drainage system is visible in the variation of the contours, namely in the areas where the equipotential curves are very close. The action of the drainage system modifies drastically the flow conditions, for example in case of DFD which introduces a discontinuity in the hydraulic potential.
Flow Rate Drained Through the Dam, the Foundation and the Drainage System
The hydraulic boundaries where the reservoir head is prescribed are the bottom of the reservoir and the upstream face of the dam. The water can leave through the surface of the foundation, on the downstream face of the dam, and through the drainage system. Table 3 shows the values of total discharges. The grouting curtain decreases the total flow rate, while the drainage system increases it, as expected. It also appears that, due to the high permeability of the dam, the water percolates mainly through its body. This behavior changes in presence of the drainage system, which collects much of the flow that seeps through the dam and foundation. From the analysis of these results, the complementary role of the grout curtain and drainage system is confirmed, reducing the uplift as well the total flow rate. The distribution of the water volume through the drainage system was analyzed (Fig. 11 ). The drains with greater volume were the UDD and the SFD. Two additional analyses were performed: (1) analysis of flow rate distribution in the drainage system with only four drains, excluding the drain LDD and (2) analysis of flow rate distribution in the drainage system with only four drains, excluding the drain DD. In the original analysis, both drains, LDD and DD, had a very low drained volume of water. In the first case, the uplift remained practically the same. The flow rate, previously drained through LDD, was equally distributed between the SFD and UDD. The LDD does not seem to have a significant role in the reduction of pressure or in the improvement of the structure safety. In case of excluding DD the uplift is increased 4 % and the flow rate, before drained by DD, now goes through the downstream face. This new flow condition could cause a progressive degradation of the material near the toe of the dam and it seems appropriate to maintain the drain DD.
Analysis of the Sliding Scenario of the Dam
Through the Foundation A parametric analysis of the friction angle was undertaken to evaluate the sliding scenario through the interface between the dam and the foundation. The loads include the self-weight of the dam, the hydrostatic pressure in the upstream face adjusted to the reservoir level equivalent to the crest elevation, and the uplift given by the flow analysis. For the dam-foundation contact, a nonlinear model with no tension criteria and zero cohesion was assumed. The friction angle was gradually reduced, until an unstable situation developed. The sliding safety factor (SF), determined for a reference angle of 45°, is significantly affected by the uplift forces. For the model with the initial conditions, before rehabilitation, the SF is equal to 1.0. After the rehabilitation of the dam and foundation, with curtain and drainage, the SF is equal to 1.5, considered sufficient in most regulatory codes. Figure 12 shows the stress diagrams for the case after rehabilitation. For a friction angle of 55° (Fig. 12a) only the initial 5 m fail in shear, where the shear stress diagram is coincident with the shear stress limit. As expected, for a friction angle of 45° (Fig. 12b) , the shear stress limit diagram is coincident with the effective vertical stress because the friction coefficient is equal to 1.0. For 35° (Fig. 12c) shear failure is extending from upstream and downstream. In the last case, friction angle of 30° (Fig. 12d) , all the dam-foundation surface is at slip condition.
Conclusions
The hydromechanical model developed in this paper fulfills the objective of having an adequate tool for the analysis of masonry gravity dams, allowing an effective integration of static and flow analyses. This integration is enhanced by the consistency of the hydraulic and mechanical data models. The hydromechanical model allows the analysis of concrete or masonry gravity dams with grout and drainage systems. Drains are represented by sets of hydraulic nodes along their alignment. The grout curtain is represented by changing the properties of the hydraulic channels that connect the nodes.
For masonry dams, it is important to analyze the dam body and rock foundation in an integrated manner. The case study presented showed the importance of considering the flow through the dam body, especially in the case of old deteriorated dams. The results also confirm that coupling of grouting and drainage provides satisfactory solutions that reduce the uplift and flow rate simultaneously. In the case studied, sliding on the dam-rock interface was the major safety concern, but the discrete element model is also capable of analyzing failure modes through the dam body or the rock foundation, for cases with more complex discontinuity patterns.
